To elucidate the nature of bacterial assimilatory nitrate reductase, we attempted to use bacteria which contain assimilatory but not dissimilatory nitrate reductase. Four strains of bacteria (M-1, M-2, M-3 and J-1), isolated in this study, and Nocardia globerula IFO 13509 had such characteristics; they grew in a medium containing nitrate as the sole nitrogen source and did not accumulate nitrite, ammonia or molecular nitrogen during growth in nitrate synthetic or nitrate complex media with or without aeration. Strains M-1, M-2 and M-3 are Bacillus spp., which are either identical to or closely resemble B. megaterium, and strain J-1 is a Pseudomonas sp. which resembles P. hydrogenovora. Resting cells of these bacteria assimilated nitrate in the presence of glucose or pyruvate without accumulation of nitrite. Assimilatory nitrate reductase in cellfree extracts from the bacteria reduced nitrate if NADPH or NADH was added as an electron donor. Both NADPH and NADH served as the donor for the enzymes from M-1 and M-2, while only NADPH was the effective donor for the enzymes from M-3, J-1 and N. globerula. All the enzymes from these bacteria were predominantly localized in the soluble cytoplasmic fraction. Effects of inhibitors, such as KC103, NaN3, NH2OH and p-chloromercuri benzoate, were variable when one of the inhibitors was tested for the enzymes from different strains, but inhibition was similar when tested on the enzyme from the same strain (M-1 or M-2) with either NADPH or NADH. The enzymes from M-1, M-3 and J-1 were inhibited by 1 mM KC103, but the enzymes from M-2 and N. globerula were not inhibited; the enzyme from M-2 was not inhibited by 1 mNi NaN3, but the enzymes from the other strains were inhibited.
enzyme, as pointed out by STOUTHAMER (2) . The other is the fact that most nitrate assimilating bacteria simultaneously contain dissimilatory nitrate reductase with which nitrate is rapidly converted to nitrite (1, 3) . For studies of bacterial assimilatory nitrate reductase, it is desirable to use bacteria which contain assimilatory but do not contain dissimilatory nitrate reductase. A literature search for bacteria with such properties was not fruitful, although we learned that some Nocardia species are such organisms. Therefore we started to isolate from soil the bacteria which can assimilate nitrate but show little dissimilatory nitrate reductase activity. This paper describes the procedures for isolation, taxonomical characteristics of the isolated strains and some properties of the assimilatory nitrate reductase of the isolated strains and N. globerula IFO 13509.
MATERIALS AND METHODS
Isolation of bacteria. Bacteria were isolated from five soil samples from the Miyajima Natural Botanical Garden, Faculty of Science, Hiroshima University, and four soil samples from cultivated fields and a rice nursery bed in Jigozen, Hatsukaichi-cho, Hiroshima. A nitrate synthetic medium was used for isolation and cultivation. The medium contained glucose 20 g, sodium lactate 5 g, KNO3 2 g, K2HPO4 1 g, MgSO4.7H2O 0.5 g, CaC12.2H2O 0.1 g, FeSO4.7H2O 15 mg, NaCI 10 mg, Na,MoO4.2H2O 5 mg, biotin 10 pg, thiamine 10 µg in 1,000 ml of deionized water; pH 7.2. For the solid medium, 2 % agar was added.
A small amount of soil was added to 20 ml of the nitrate synthetic medium in a 100-ml Erlenmeyer flask, which was shaken on a reciprocating shaker at 120 strokes per min with an amplitude of 5 cm. After incubation for 24 hr at 30°, 0.5 ml of the culture was transferred to 20 ml of the fresh medium and shaken for 24 hr. After two more subcultures, a loopful of the final culture was streaked on the nitrate synthetic agar plates. Morphologically distinct colonies were selected, streaked again on the fresh agar plates, and colonies were preserved on agar slants.
The ability of the isolated strains to dissimilate nitrate was tested by inoculation into about 10 ml of a nitrate complex medium in an 18 mm test tube or in the 100-ml flask. The medium contained meat extract (Kyokuto) 3 g, Polypeptone (Wako) 5 g, KNO3 1 g in 1,000 ml of water; pH adjusted to 7.2. After cultures stood in test tubes or were shaken in flasks for 1 to 4 days at 30°, nitrite accumulation in the medium was tested by the diazo-coupling method described later. Uninoculated media were incubated as the control for nitrite detection. For test of denitrification, gas formation from nitrate was examined with the Durham tube. Accumulation of ammonia in the nitrate medium was assayed by alkaline distillation and subsequent titration by HCI.
Identification of bacteria. For microscopic observations, such as cell-size, gram stain and spore or flagella stain, cells were grown in a nutrient broth containing 0.3 % meat extract and 0.5 % peptone (pH 7.2). Gram stain was performed by the Hucker modification and spores were stained by the Moeller method. Flagella were observed with a light microscope after staining by the Nishizawa and Sugawara method (4) or by a Hitachi electron microscope model HS-9 after shadowing with chromium. Distinction between polar flagellated bacteria of the monotrichous and lophotrichous types was accomplished using the criterion of LAUTROP and JESSEN (5) . Growth of aerobic spore formers at 7° or 50°, and growth of all strains in anaerobic agar or in the presence of 5 % or 7 % NaCI was examined using the medium of HUGH and LEIFSON (6) . Acid and gas formation from carbohydrates were examined in semi-solid peptone-water, to which 1 carbohydrate was added. Utilization of various carbon sources for growth of the isolated polar flagellated bacterium was tested by the method of STANIER et al. (7) . Accumulation of polyhydroxy butyrate (PHB) and growth at 7° or 41° of the same bacterium were examined by the method described by STOLP and GADKARI (8) .
Tests for cytochrome oxidase, catalase, oxidation versus fermentation (0-F test), citrate utilization, phenylalanine deaminase and production of H2S were carried out by the methods of HOLDING and COLLEE (9) . For the catalase test, cells were grown on solid nitrate synthetic agar plates. Citrate utilization was examined in Koser-Simmons' citrate medium. H2S was detected with ferric ammonium citrate. Tests for starch and casein hydrolysis, the Voges-Proskauer (VP) reaction and reduction of nitrate to nitrite followed the methods described by NORRIS et al. (10) . Growth at pH 5.7, resistance to lysozyme, egg-yolk reaction, and reaction in litmus milk were examined using the GORDON et al. (I1) method.
For the determination of DNA base composition, DNA was extracted and purified by the method of MARMUR (12) or purified by SAITO and MIURA (13) . Melting temperature of DNA, dissolved in 0.5 x SSC (standard saline citrate), was estimated by the use of Hitachi double beam spectrophotometer model 200-10 equipped with a thermal programmer and controller. The guanine plus cytosine content of DNA in 0.5 x SSC was determined by the equation (14) GC mol %_ 1.99 (Tm-60.9).
DNA isolated from Escherichia coil K12 (GC 50.1 mol%) was used as a standard. Determination of base composition of calf thymus DNA (Sigma Type I) from Tm and the equation gave GC 42 mol %.
Assay of nitrate reductase. Nitrate reductase activity was measured in intact cells and cell-free extracts. Bacteria were grown in the nitrate synthetic medium to the middle-logarithmic growth phase. Cells were collected by centrifugation at 5,000 x g for 10 min, washed twice by centrifugation with 20 mM phosphate buffer (pH 7.2) and suspended in the buffer. The enzyme activity of intact cells was measured with 5 ml of the reaction mixture containing 0.5 mM KN03, 20 mM hydrogen donor in 50 mM phosphate buffer (pH 7.2), and washed cells. Reaction was started by adding the cell suspension (1 ml) to the rest of the reaction mixture in an 18 mm test tube, which was shaken gently on a shaker in a water bath at 100 strokes per min with an amplitude of 3 cm at 30°. After 20 min, 5 ml of ice-cold water was added to the test tube which was immediately put in an ice bath. Cells were removed by centrifugation and the concentration of N03-in the supernatant was determined. Enzyme activity was expressed as nmol N03-consumed per 20 min per mg of cell nitrogen in the reaction mixture. Cell-free extracts were prepared by disruption of cells with a Branson Sonifier model W185 at 20 kHz by 4 cycles of 10 sec treatment and 15 sec rest in the cold. Cell-free extracts were obtained after cells and cell debris were centrifuged at 10,000 x g for 10 min. When it was necessary to obtain membrane and soluble fractions, cell-free extracts were centrifuged with a Hitachi ultracentrifuge model 55P-2 at 105,000 x g for 60 min. The reaction mixture for assay of enzyme activity of cell-free extracts contained 0.5 mM KNO3, 1 mNr NADH or NADPH, the extract (0.4 ml) and 40 mM phosphate buffer (pH 7.2) in total volume of 1 ml. Reaction was started in a 13 mm test tube by adding cell-free extract, run for 20 min at 30° on the shaker in the bath, and terminated by adding 2.9 ml 99.5% ethyl alcohol and 0.1 ml 25 barium acetate. The supernatant after centrifugation at 1,500 x g for 10 min was saved. To the sediment was added 1 ml of 99.5 % ethyl alcohol and it was centrifuged again. The supernatants were combined and the concentration of N03 was determined. Nitrate reductase activity was expressed as nmol of N03 consumed per 20 min per mg of nitrogen in the extracts in the reaction mixture.
Concentration of nitrate was determined after the assay mixture was passed through a Cd-Cu column (I5) to reduce nitrate to nitrite. Nitrite was analyzed by the usual diazotization by sulfanilamide followed by coupling with N-1-naphtylethylenediamine dihydrochloride to form a red dye, whose concentration was assayed at 540 nm. The content of nitrogen in the cells or cell-free extracts was determined directly by the Kjeldahl method or indirectly from a standard curve drawn between the amount of protein and nitrogen per ml of the extracts, assayed by the biuret and micro-Kjeldahl method respectively.
RESULTS

Assimilation of nitrate by intact cells
Twenty strains were isolated which could grow with nitrate as the sole source of nitrogen. Among these, 12 strains, including 2 denitrifiers, accumulated nitrite during culture in the nitrate complex medium. Half of the remaining 8 strains lost the ability to grow in the nitrate synthetic medium during repeated subcultures. Thus 4 isolates (M-1, M-2, M-3 and J-1) were used for further study. Strains M-1, M-2 and M-3 were isolated from soils at three different spots, each about 100 m apart, in the Miyajima Natural Botanical Garden and J-1 was from a cultivated field in Jigozen district. During the isolation of these strains, we learned from the literature (1, 16) Taxonomic characteristics of the isolated strains The morphological and physiological characteristics of strains M-1, M-2 and M-3 are shown in Table 2 , in which some properties of B. megaterium are cited from the literature (11) for comparison. All three strains were gram-positive, aerobic spore-formers, with cell diameters of more than 2 ,tm. M-2 closely resembles B. megaterium, except for the ability to use citrate. Strains M-1 and M-3 also resemble B. megaterium, although the former strain is different in the absence of citrate utilization and in having the ability to hydrolyze casein and the latter strain gives a smaller value of GC mol %. Table 3 lists the characteristics of strain J-l. The organism is a gram negative rod with polar flagella, produces acid only aerobically and is oxidase positive. These and other characteristics listed in the table show the organism to be a strain of Pseudomonas. Among the Pseudomonas species described in Bergey's Manual of Systematic Bacteriology (18), P. hydrogenovora most closely resembles strain J-1 in its properties, which are also listed in Table 3 .
Electron donors and intracellular distributions
Nitrate reductase activity was measured with crude cell-free extracts from five organisms. The reduction of nitrate was negligible when no electron donor was added to the extract. As shown in Table 4 , both NADH and NADPH were effective electron donors for the enzymes from strains M-l and M-2, while NADH had little effect on the enzymes from strains M-3, J-1 and N. globerula. Addition of FAD (1 to 10 tiM) did not significantly increase the rate of nitrate reduction by NADH or NADPH in extracts from M-1, M-2 and M-3; but the addition increased the rate 5-fold and 2-fold in extracts from J-1 and N. globerula, respectively. Intracellular distribution of the enzyme between membrane and the soluble fraction was determined by measuring the enzyme activity in these fractions, expressed as nmol N03-reduced in 20 min per total membrane or soluble fraction derived from 10 ml of the cell-free extracts. The result is shown in includes the activity of the original extracts before separation into the fractions. Nitrate reductase, regardless of the difference in the source of enzymes or of the donors used for the measurement, is distributed mostly in the soluble cytoplasmic fractions. The activity of nitrate reductase from strain J-1 decreased when extracts were separated into fractions.
Effect of inhibitors and other properties
The effects of inhibitors on nitrate reduction in cell-free extracts were examined and the results are shown in Table 6 , where " % inhibition" denotes percentage of activity decreased by the inhibitors.
Among the inhibitors, only KCN inhibited the enzymes from all the strains similarly. KC103, at 1 mM, inhibited enzymes from M-l, M-3 and J-1, but inhibited the enzymes from M-2 and N. globerula only slightly. NaN3, at 1 mM, strongly inhibited the enzymes from all sources except M-2. NH2OH at 1 mM weakly inhibited the enzymes from M-1, M-2 and J-1; p-chloromercuri benzoate at 0.1 mM weakly inhibited the enzymes from M-1 and M-2. This shows that the Table 4 . Nitrate reductase activity of cell-free extracts. inhibition by a particular inhibitor differs among the enzymes prepared from different organisms, although the inhibition was similar when the activity of the enzyme from the same organism, M-1 or M-2, was measured with NADH or NADPH. Table 6 includes pH optima and stability of nitrate reductase. The optimum pH of the enzymes from M-1 was 7.7, and the optima of the enzymes from other sources were 7.2 and 7.4. Stability of the enzyme was measured and expressed as a percentage of the activity of the original extracts after incubation at 4° for 24 hr. The enzyme of N. globerula was unstable. The inactivation of the Nocardia enzyme could not be prevented by cysteine or EDTA added to the extract at various concentrations.
DISCUSSION
The strains isolated in this study and N. globerula assimilated nitrate but did not accumulate nitrite, ammonia or molecular nitrogen during growth in the nitrate complex or nitrate synthetic media, either with or without aeration. The resting cells of these bacteria consumed nitrate in the presence of glucose or pyruvate without accumulation of nitrite. These results show that the bacteria contain negligible amount of dissimilatory nitrate reductase, although they contain assimilatory nitrate reductase.
Three strains, M-1, M-2 and M-3, isolated from different spots in the Miyajima Natural Botanical Garden, are all gram-positive, aerobic spore-formers. As shown in Table 2 , the 3 isolated strains closely resemble B. megaterium. Strain M-2 differs from typical B, megaterium only in the ability to use citrate, while strain M-1 shows a further difference in the ability to hydrolyze starch. The DNA GC mol % of strains M-1 and M-3 are outside, within 1 to 2%, the range reported for typical strains. According to GoRDEN et al. (11) a few strains of B. Table 6 . Effect of inhibitors, pH and storage on enzyme activity. megaterium were citrate negative, and we conclude that M-2 is a strain of B. megaterium. Deviation of properties of M-1 and M-3 from those of typical B. megaterium may have some significance, but we are unable to find other Bacillus species which show closer resemblance to the isolated strains. We describe strains M-1 and M-3 as a Bacillus sp. which resembles to B. megaterium.
The properties of strain J-l, listed in Table 3 , do not fit those of 30 well characterized Pseudomonas species listed in section I to IV in Bergey's Manual of Systematic Bacteriology (18) , but fit relatively well those of P. hydrogenovora described by IGARASHI et al. (19) and included in section V of the Bergey's Manual (18) . P. hydrogenovora was isolated as a hydrogen bacterium and has the characteristics listed in Table 3 . There are a few discrepancies between the two strains such as presence or absence of arginine dihydrolase and acid formation from some carbohydrates. We suspend definitive affiliation of strain J-1 to P. hydrogenovora pending more extensive comparisons of J-1 and authentic strains, including examination of autotrophic growth, test for utilization of a wider range of C-compounds, and some additional properties. At the moment, we describe strain J-1 as Pseudomonas sp. which closely resembles P. hydrogenovora.
It was reported that bacterial assimilatory nitrate reductases are so labile that it is difficult to detect activity in cell-free extracts (2) . In the present study, we could detect the enzyme activity in cell-free extracts of five bacteria when a reduced pyridine nucleotide was supplied as an electron donor. The donor common to all the bacterial enzymes was NADPH; the enzyme from two bacteria could also use NADH. As for pyridine nucleotide specificity, the bacterial enzymes resemble fungal nitrate reductases, which generally use NADPH as the reluctant.
Our experiments showed that intracellular localization of the bacterial assimilatory nitrate reductase was predominantly cytoplasmic. Although some activity was found in the membrane fraction, the actual distribution of the enzyme in this fraction may be much less than indicated, since we did not wash the membrane fraction that had been sedimented by ultracentrifugation.
Generally, bacterial dissimilatory nitrate reduction is catalyzed by a membrane-associated electron transport system and dissimilatory nitrate reductase is membrane-bound. The assimilatory nitrate reductase from the bacteria examined in this study is in the soluble fraction and nitrate is reduced by pyridine nucleotides. These properties are similar to those of assimilatory nitrate reductase from eukaryotic organisms.
The pH optimum, stability and sensitivity to a particular inhibitor were almost the same, whether the activity of the enzyme from the same strain (M-1 or M-2) was measured with NADPH or NADH. This suggests that strains M-1 and M-2 contain a single nitrate reductase, which can use both NADH and NADPH or use either NADH or NADPH after enzymatic conversion of one coenzyme to the other. Sensitivity to an inhibitor was variable among the enzymes from different strains. PICHINOTY (20) 
